We report an unexpected behavior of the intensity autocorrelation functions CVV ( t ) (polarized) and C H H ( t ) (depolarized) of multiply scattered light from dense colloidal polyball crystals under certain conditions. We find that Cvv(t) saturates at large times as expected for a frozen phase, while CHH(t) decays to zero in a short time as in a fluid. We present a new phenomenological model for this behavior based on decoupled translational and orientational fluctuations in a weakly depolarizing medium. Our study highlights the greater sensitivity of depolarized diffusing-wave spectroscopy as a probe of the dynamics of the medium.
The recently developed technique of diffusing-wave spectroscopy (DWS) [l-41 has made it possible to use light-scattering methods [5] to study the nature of dynamic correlations even in media such as concentrated colloidal suspensions [3, 4] and foams [6] , in which the light is highly multiple scattered. Most DWS studies of colloidal suspensions have focused on the liquid rather than the crystalline phase and the question of polarization dependence in particular has been looked at [7, 8] only in the liquid phase.
In this Letter, we report a striking and altogether unexpected polarization dependence of the DWS signal from colloidal crystals under certain conditions, and present a theoretical model which rationalizes our observations. Briefly, we find that for a nominally (po1y)crystalline colloidal suspension, the time correlation of the depolarized part of the multiply scattered electric field decays to zero as in a liquid while that of the polarized part is nondecaying as expected of a solid phase. For samples aged for several weeks, however, the depolarized signal also becomes nondecaying.
In conventional quasielastic single light scattering (QELS) [5] , the temporal autocorrelation G l ( t ) of the scattered electric field from a system of noninteracting, diffusing particles decays as e-t/rc
where DO is the self-diffusion coefficient of the particles, q = 2 sin(e/2) is the scattering wave vector, 6 ' the scattering angle, and X L the wavelength (in the scattering medium) of the light used. In DWS, however, the averaging over photon paths and q yields [1, 9] We note that with vertically polarized incident light
C H H ( t ) = ( I H (~) I H ( o ) )
/ (IH)' -1 respond to translational motion [7, 8] , only CHH is sensitive to changes in the local dielectric anisotropy and hence contains information about the correlations of orientational fluctuations as well. We use samples of 0.115 pm diameter charged polystyrene spheres (Seradyn, U.S.A.) in water, with volume fraction 4 = 0.03, contained in a cylindrical quartz cell of 8 mm diameter with a mixed bed of ion-exchange resins at the bottom of the cell to reduce the ionic impurity. Light from Kr+ laser ( X L = 647.1 nm) is scattered at 0 = 165' and the normalized intensity autocorrelation Gz(t) [= Cvv(t) or C H H ( t ) ] is measured using a Malvern correlator (model 7032CE). G1 ( t ) is extracted using Gz(t) = f jGl(t)/', where constant f is determined by the system optics.
Our observations are summarized in Figs. 1 and 2. The inset of Fig. 1 as zn the ltquad (the inset). Transmisston measurements done in the same state also show a nondecaying C V V , implying that the sample is throughout in a state of arrested translation motion (nominally solid).
Since the system is in a frozen but disordered (i.e.. nonergodic) state. we have averaged the correlation functions obtained from ten spatially separated regions in the suspension. The curves so obtained are labeled "ensemble averaged" in Fig. 1 , while those from a single region are called "time averaged." Furthermore, after about 7 weeks CHH also eventually acquires the time-persistent piece expected of a crystal or a glass [see Fig. 2(a) ]. Lastly, if we reverse the experiment by adding ionic impurities t o a well-formed colloidal crystal (with nondecaying CVV and C H H ) the resulting states for two values of impurity concentration are shown in Fig. 2 . In Fig. 2(b) , we see clearly the extraordinary intermediate state earlier observed in the freezing studies, and in Fig. 2(c We attempt to understand these results through a model which is also of interest as a new treatment of waves in random media. We work in the limit XL > a @~-l /~( > a) , unlike the usual treatments, which are for XL <<
In our case, several particles are contained within a (~a v e l e n g t h )~, so that the local, instantaneous dielectric tensor (a) is anisotropic and (b) can be treated as a smoothly varying field. i.e., the unexpected simultaneous existence of a nondecaying Cv I and a liquidlike decaying C H H , as seen in Fig. 1) is repeated (c) An addition of 400 microequivalents/l of HC1 melts the sample to liquid in the region probed.
.-..
where E~Z and €0 A are the local fluctuations in the isotropic and anisotropic parts. respectively, of ct3 ~ and EO is the average dielectric constant of the medium which is isotropic. We assume that the randomization of the direction of propagation, and hence the diffusion paths followed by the light, are determined by Z, with (<c Z) serving only to disorient the polarization. As is usual in weak-scattering treatments of DWS ill] , we ignore the interference between the scattered electric fields due t,o distinct paths.
Along each of the random-walk paths R(s) (where s is the path parameter) traced by the light, we assume that a p a r t from t h e effect of A. the polarization vector is "Fermi transported," i.e.. rotates at a rate equal to minus the torsion [12] . \Ve therefore use a moving 1131 coordinate system along each path. with the 2. y, and z axes being, respectively, the unit tangent (=/ 1 = t ( s ) , unit normal w/l n(s), and binormal b(s) = n(s) x t ( s ) . We need only t o keep track of the projection of d,j into the b-n plane. T h e dephasing due to T(r, t ) affects both CVV and C H H in the same way as would be seen by MacKintosh and John's treatment [ 7 ] , and cannot therefore explain our observations.
We begin with the wave equation for Ew(r, t ) , t h e wth
Fourier component of the electric field, with the usual assumption that the time dependence in Eu(r, t ) is purely because t h e medium is changing in time:
where ko = w&/c; c is the speed of light an vacuo. Suitable statistical properties for Z and 2 will be introduced later. Along a path R(s), the electric field then evolves with s, according to (3) where 1) and I are directions along and perpendicular to the parallel-transported polarization, respectively, and we have suppressed the subscript w . Since we are concerned only with the part of A that acts in the b-n plane, we can model it by a random symmetric traceless tensor in two dimensions: -,ao(s) sin2B(s) -cos2B(s) ( 6 ) where terms of order & have been dropped in a "forward propagating wave" approximation [ 141, valid for a0 and B varyingAslowly on the scale of AL. Here B is the angle between N and n. Ignoring for the moment the actual tame dependence of B and ao, we see that for each path R(s), Eq. (6) is the Schrodinger equation for a quantum spin-; state with Hamiltonian 31 = -$Q . h(s) in a magnetic field h(s) = koao(s)( sin2B(s),O, cos2B(s)), lying in the 2-2 plane and fluctuating with respect to the "time" s.
Let us work in the "interaction picture," treating the az term as the interaction. This choice is motivated by the fact that the initial state is an eigenstate of uz. We define and let
Then
Of course, we cannot solve Eq. (9) exactly either since 31 does not commute with itself at different "times" s, so that the solution involves a "time-ordered" exponential. We, however, solve the problem only in the approximation where the consequent interference between the spinflip and non-spin-flip terms is neglected. This is reasonable since the coefficients of oz and 0, involve sin2B(s) and cos2B(s), respectively, and these are expected to be statistically orthogonal. Then, Eq. (9) becomes Solving Eq. (10) (which is trivial) we see that (11) We approximate a0 sin 28 and a0 cos 28 by mutually uncorrelated Gaussian random noise sources, with zero mean, and with covariances
This amounts to assuming a local optical axis uncorrelated in space and weakly correlated in time, which is reasonable for a system without significant quadrupolar orientational correlations. In the reference frame in which Eq. (3) is written, the initial condition is El, (0, t ) = EO and Cl(0, t ) = 0. We can then solve for (gsi;:)) and transform back using Eq. (8) to get E l ( s , t ) . Using Eq. (14) to decouple the correla- give the startling difference between CVV and C H H . As time goes on, because of either the growth of the crystallites, or the annealing and "hardening" of the interfacial regions (or both) ~ this anomalous scattering mechanism freezes out. This leaves only the translational motions of the colloidal particles, which dephase C~nv and C H H in essentially the same way. A small-angle x-ray or neutron scat'tering study could tell us more about the state of order of the colloidal suspension in the various stages of crystallization, and allow us to refine our model of the medium. Pending such a study, we must content ourselves with pointing out this unusual and perhaps universal transient property of light multiply scattered from crystallizing colloidal suspensions.
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